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Highlights

e Reduced N-Acetylaspartate (NAA) in multiple regions, in posttraumatic stress
disorder.
e Reductions in NAA are Irrespective of atrophic change in the majority of studies.

e Recent studies have found changes in excitatory and inhibitory neurotransmitters.

<
Q
&



Systematic review of in-vivo neuro Magnetic Resonance Spectroscopy for the
assessment of Posttraumatic Stress Disorder

Scott Quadrelli® ¢, Carolyn Mountford®, Saadallah Ramadan®

% School of Health Sciences, Faculty of Health and Medicine, The University,of Newcastle,
Callaghan, NSW, 2308, Australia.

b Department of Radiology, Princess Alexandra Hospital, Woelloongabba, Queensland,
4024, Australia.

 The Translational Research Institute, Woolloongabba, Queensland, 4024, Australia.
4 The University of Queensland, St Lucia, Queensland 4072, Australia.

Corresponding Author:

Scott Quadrelli

Email: quadrellis@me.com

Department of Radiology, Princess Alexandra Hospital
199 Ipswich Road

Woolloongabba, Queensland, 4024, Australia.

Psychiatry Research — Neuroimaging



Abstract:

Posttraumatic stress disorder (PTSD) is a trauma and stressor-related disorder that results in
complex somatic, cognitive, affective and behavioural effects, after exposure to traumatic
event(s). Conventional imaging (T1 and T2 weighted magnetic resonance imaging) has little
to offer in the way of diagnosis of mental health conditions such as PTSD and there is
currently no objective diagnostic test available. Magnetic resonance spectroscopy (MRS)
allows for non-invasive measurement of metabolites and neurochemicals in the brain using
a conventional MRI scanner and offers the potential to predict, diagnose and:monitor PTSD.
This systematic review summarises the results of 24 MRS studies, performedibetween 1998
and 2017, to measure neurochemical differences, occurring as a consequence of PTSD. The
most consistent finding in subjects with PTSD is lower N-acetylaspartate levels in the
hippocampus and anterior cingulate cortex, with and witheut atrophic change. More recent
studies, using more advanced techniques and modern hardware, have shown evidence of
glutamatergic dysfunction and differences in gamma=aminobutyric acid levels in the brain of
patients with PTSD. Conflicting results have beenreported in choline-containing metabolites
and there is emerging evidence of glutathione being affected. Myo-inositol and creatine are

unchanged in the majority of studies.

1 Introduction

Posttraumatic stressdisorder (PTSD) is a trauma and stressor-related disorder that results in
complex somati¢, cognitive, affective and behavioural effects, after exposure to traumatic
event(s). PTSD is precipitated by a number of factors, including exposure to actual or
threatened death or serious injury or a response to intense fear, helplessness or horror.
PTSD is characterised by persistent re-experiencing of the traumatic event; avoidance of
stimuli related to the trauma; and hyperarousal for at least one month post trauma
(American Psychiatric Association, 1994), leading to significant psychosocial impairment for
patients. PTSD is common in the general and military populations with an estimated 12-

month prevalence of 5.2% vs. 8.3%, respectively (McFarlane et al., 2010).



In vivo neuro proton magnetic resonance spectroscopy (MRS) provides a non-invasive
measurement of metabolites in the brain using a conventional magnetic resonance imaging
(MRI) scanner at a field strength of 1.5 or 3T. In vivo MRS can measure differences in
parenchymal metabolism in both the healthy and diseased brain (Mountford et al., 2010)
and has the potential to provide biomarkers for psychiatric disease, which often has no
characteristic findings on conventional T1 and T2 weighted structural MRI (Foerster et al.,
2012; Murray et al., 2014). Up to 35 signals from metabolites, lipids, and macro<molecules
can be measured using one dimensional (1D) neuro MRS at 3T (Provéncher, 2001).
Commonly used 1D MRS pulse sequences, include Point-RESolved Spectroscopy (PRESS) and
Stimulated Echo Acquisition Mode (STEAM). Shown below in Figure“d.is-a.typical 1D neuro
MRS spectrum (3T using a 64-channel head coil) from a healthy lhuman brain labelled with
the most commonly measured metabolites. MRS has the.potential to shed further
information on the pathogenesis and mechanisms behind PTSD, particularly when state of
the art scanners are employed, which measure neurotransmitters such as gamma-
aminobutyric acid (GABA), aspartate (Asp) and glutamate (Glu) non-invasively. This will
further advance knowledge gained from other neuroimaging techniques such as functional
magnetic resonance imaging (fMRI) andudiffusion-weighted imaging (DWI). Additionally, in
vivo neuro MRS is a promising technique that may help to predict patients at risk for PTSD

and to non-invasively diagnosesandimonitor PTSD.

In this review, we synthesize previous work utilising proton MRS to characterise metabolic
differences in the- brain of patients with PTSD. Also, we give researchers a broader
background on.key. MRS metabolites and brain regions implicated in the pathogenesis of
PTSD that.will help inform research findings and conclusions. Finally, we aim to determine if
certain'metabblites correlate with clinical variables, to identify possible MRS biomarkers of
diseasewseverity. We conclude with a discussion on the limitations and outstanding

challenges facing researchers, utilising MRS to investigate PTSD.

1.1 Brain Regions Implicated in PTSD
Multiple brain regions, specifically, the medial prefrontal cortex (mPFC), anterior cingulate

cortex (ACC), amygdala, hippocampus and insular cortex have been implicated in the



pathogenesis of PTSD from imaging studies using positron emission tomography (PET), fMRI

and structural MRI (Etkin and Wager, 2007; Lanius and OIff, 2017).

1.1.1 Hippocampus

The hippocampus is anatomically and functionally closely related to the amygdala; both
structures play a significant role in the fear, fear extinction and anxiety networks, along with
the hypothalamic-pituitary axis (Tovote et al., 2015), making the hippocampus, an ideal
region to interrogate with MRS.

Initially, animal models were used to identify a relationship between stress and
morphological change of the hippocampus. This damage may be the result-of Glu toxicity,
prolonged exposure to elevated glucocorticoids or differences in brain derived neurotrophic
factors or a combination of all these factors (Magarinos “etral., 1996; McEwen, 2000;
McEwen et al., 1992; Sapolsky, 1996; Sunanda et al., 1995).

Several volumetric meta-analyses have identified a ‘reduction in hippocampal volume
(Kitayama et al., 2005; Smith, 2005). Most recently*O’Doherty et al. (2015) reviewed 36
studies quantifying human hippocampal volume and found smaller volumes bilaterally in
PTSD subjects, with a greater reduction.in the left hippocampus. It is still unclear if
hippocampal atrophy is congenitalwor acquired in PTSD; however, twin studies have
provided early evidence that lowerhippocampal volume may be a pre-existing risk factor for
PTSD (Gilbertson et al., 2002)..Spectroscopy has the potential to provide complementary,
non-invasive metaboliesmeasurement of the MR visible chemistry and neuronal integrity of
the hippocampus.and may identify these differences prior to structural MRI changes (Schuff
et al., 2001). Currently, there are no prospective MRS studies that have aimed to determine

if metabolic differences precede atrophy in PTSD.

1.1.2% Amygdala
The amygdala appears to play a key role in the pathogenesis and expression of PTSD. Fear
conditioning relies on an interplay between the amygdala and the prelimbic cortex of the
mPFC (Bauer, 2016). The amygdala is responsible for the association of conditioned and

unconditioned stimuli and the mPFC is involved in the expression of fear memory (Alden et



al., 1994; Amorapanth et al., 2000). The amygdala is also critical in the extinction of fear
memories, thought to occur within the basolateral amygdala (Amano et al., 2011).

Functional MRI studies have identified increased activity within the amygdala in PTSD
(Hughes and Shin, 2011). However, volumetric differences within the amygdala have been
less clear cut; a recent meta-analysis concluded that there was no significant reduction in
amygdala volume when trauma exposed controls were compared to PTSD subjects
(O'Doherty et al., 2015). Yet the same meta-analysis identified smaller amygdala volumes

bilaterally in PTSD subjects when compared to healthy controls (O'Doherty et-al., 2015).

There are technical challenges of acquiring spectroscopy of the amygdala.due to its small
size, measuring 1.2cm® on average (Brabec et al., 2010). There are currently no MRS studies
published on neurochemical differences in the amygdala in PTSD:;, However, one group has
shown it is technically feasible to acquire MRS data from the amygdala (Nacewicz et al.,
2012). There are now clinical research scanners at 3T that may well allow MRS of this region

to be evaluated.

1.1.3 Medial Pre-Frontal Cortex
The mPFC refers to the medial anterior frontal lobe parenchyma, a region with bidirectional
white matter connections with~theyamygdala (Pape and Pare, 2010). The mPFC consist of
two subregions: the prelimbic cortex (PL) and infralimbic cortex (IL), that in the rodent brain
exert dual control over the'amygdala, with the IL supporting fear expression and the PL
supporting fear extinction. The human mPFC also contains the ACC, as shown in Figure 2.
The human dersal‘anterior cingulate cortex (dACC) is thought to be a functional homologue
of the rodent PL (Milad and Quirk, 2012). The IL has been implicated in the expression of
learned but not innate fear (Sierra-Mercado et al., 2011; Vidal-Gonzalez et al., 2006), and in
humanswthe ventromedial pre-frontal cortex (vmPFC) is thought to function as the
homologue of the IL (Milad and Quirk, 2012). Additionally, the mPFC appears to play a role
in the cognitive processing of emotional tasks (Phan et al., 2004), integrating affective
stimuli received via inputs from the amygdala and hippocampus and evaluating these inputs

against previous experience and behavioural goals (Lanius and OIff, 2017).



1.1.4 Anterior Cingulate Cortex

The cingulate cortex is located in the centre of the brain, anterior to the splenium of the
corpus callosum. The anterior component of the cingulate cortex is subdivided into the
dorsal, ventral and rostral components and two of these regions are shown in Figure 2. The
dACC has been implicated in the expression and acquisition of conditioned fear responses
(Milad et al., 2007).

Higher resting state fMRI (rs-fMRI) and task-based activity (non-emotional tasks) has been
identified in the dACC in PTSD patients and their non-traumatised twins (Shin et al.,’2009),
suggesting that higher rs-fMRI activity within the dACC may predispose for the development
of PTSD.

The rostral anterior cingulate cortex (rACC) has also been implicated injthe pathogenesis of
PTSD, where it has been shown to be hypoactive in fMRI, studies, resulting in reduced
amygdala inhibition (Shin and Liberzon 2010, Admon, Milad et al. 2013). Like the
hippocampus, the ACC has been shown to have smaller volumes bilaterally in PTSD when
compared to controls and these differences are thought to be acquired as a result of the
disease (Kasai et al., 2008; Kitayama et ali, 2006). There is also some evidence that the
cortical thickness of the dACC correlatesiwith the magnitude of a conditioned fear response

(Hartley et al., 2011).

1.1.5 Insula Cortex
The insula cortex is located within the centre of the cerebral hemispheres and is extensively
interconnected to regions, including the primary and secondary sensory cortex, anterior
cingulate cortex, hippocampus, amygdala and the autonomic nervous system (Augustine,
1996). The'insula cortex has been associated with interoceptive awareness of negative
emotion,such’ as anticipatory anxiety of guilt (Phan et al.,, 2004) and has been shown to
activatein response to fearful facial expressions (Calder et al., 2001) and fearful conditional
stimuli (Sehimeyer et al., 2009). Therefore, the insula cortex is well positioned to convey
somatic sensations, displayed as higher autonomic activation, elicited by interoceptive
negative emotion. In the meta-analysis undertaken by Etkin and Wager (2007), the insula
and amygdala demonstrated higher activation in PTSD, a finding also noted in social anxiety

disorder and specific phobia disorders, suggesting a common mechanism. Few studies have



investigated volumetric differences in the insula, however, two studies have identified lower
gray matter density in PTSD subjects (Kasai et al., 2008; Nardo et al., 2010) and one study

performed in twins, suggested the abnormality may be acquired in PTSD.

1.2 Important brain metabolites
Below, a brief introduction to the metabolites that have been implicated in PTSD is given.

1.2.1 N-Acetylaspartate (NAA)

NAA is an amino acid derivative present in the brain in high concentrations ahd provides the
most intense singlet resonance at 2.01 ppm, in a proton MRS spectrum acquired from a
healthy brain (Luyten and den Hollander, 1986; Moffett et al., 2007;. Tallan, 1957; Tallan et
al., 1956). The resonance is shouldered by the N-actelyaspartylglutamate (NAAG) singlet
peak (Govindaraju et al., 2000).

The function of NAA is an ongoing area of research, however, it is thought to function as an
organic osmolyte. As an immediate precursor of NAAG;-=NAA acts as a source of acetate and
facilitates energy metabolism in neuronal mitochendria"(Moffett et al. 2007).

Reduced NAA was first thought to indicate anyirreversible loss of neuronal density. However,
a decrease in NAA has been shown to be reversible in conditions such as acute brain injury
or methamphetamine abuse (Maddock and Buonocore, 2012) and is thought to represent
reversible neuronal or mitochondrial’ dysfunction (Moffett et al., 2007). Therefore, the
proton MRS signal from/NAA indicates the viability, health and density of neurons and

therefore can indicate'neuronal mitochondria dysfunction (Moffett et al., 2007).

1.3 Glutamateand Glutamine
Glutamate functions mainly as an excitatory neurotransmitter and is the most abundant
amino acid.in the human brain (6-13mmol kg,,},) (Govindaraju et al., 2000; Ramadan et al.,
2013). The resonances of Glu and GIn are in the region of 3.74 — 3.75 ppm and 2.04-2.45
ppm and are overlapped by GIn, GABA and NAA (Govindaraju et al., 2000). The chemical
structures of Glu and GIn are very similar resulting in significant overlap in the spectra
collected at 1.5, 3T and 4T but not at 7T (Terpstra et al., 2016), and for this reason the

composite resonances are referred to as Glx at lower field strengths.



Gln is a precursor for the excitatory neurotransmitter Glu and is located within astrocytes
(Govindaraju et al., 2000; Lin et al., 2015). The primary role of GIn is to act as the ‘storage

form’ of amino acid neurotransmitters such as Glu and GABA.

1.3.1 GABA
GABA is the primary inhibitory neurotransmitter in the brain. It contains three methylene
(CH,) groups that produce a complex one-dimensional spectrum with resonance'multiplets
centred at 1.89, 2.28 and 3.01 ppm. There is considerable overlap with resohances of NAA,
Glu and creatine (Cr), which makes GABA difficult to reliably distinguish using conventional
one-dimensional spectroscopy at 1.5 and 3T field strengths (Maddock and-Buonocore 2012).
It is important to remember that in a one dimensional MR spectrum)the resonances are
overlapping so the resultant difference may be due to ‘ether, contributing molecules.
Specialised pulse sequences are regarded as accurate{ways\to quantify GABA, the most
common of which is MEGA-PRESS J—difference editing.sequence (Mescher, Merkle et al.
1998) and 2D JPRESS (Jensen et al.,, 2009).,Alternatively, GABA can be measured in
conventional short echo time (TE) MRS using a fitting algorithm, such as the one

implemented in LCMODEL (Provencher;1993).

1.3.2  Myo-inositol (ml)
Myo-inositol is the most abundantform of inositol found in the brain. Using proton MRS, mi
has a prominent mutiplet peak at 3.52 and 3.61 ppm (Govindaraju, Young et al. 2000). It is

thought to be a astroglial marker (Brand et al., 1993).

1.3.37"Chelinée (Cho)
Choline'is_a vital constituent of many phosphoglycolipids, present within cell membranes
(Koolman™and Rohm, 2013), and contains contributions from glycerophosphorylcholine and
phosphorylcholine. An increase in glycerophosphorylcholine and/or phosphorylcholine can
indicate an increase in synthesis or breakdown of membrane phospholipids and results in a
subsequent increase in the 3.21 ppm peak on proton MRS (Boulanger et al., 2000; Geddes
et al., 1997).



1.3.4 Total Creatine (tCr)
Total Cr gives rise to the second largest peak in a typical brain MR spectrum at 3.03 ppm and
contains contributions from Cr and phosphocreatine (PCr). PCr is a precursor for ATP and
therefore tCr is thought of as an in vivo mitochondrial energy marker. tCr has been shown
to be relatively stable in the healthy brain, with no significant daily intrasubject variation
and for that reason is often used as an internal reference for other metabolites (Saunders et
al., 1999; Soreni et al., 2006). However, tCr been shown to be disturbed in pathologies that
alter cell metabolism, such as stroke and malignancy (Howe et al., 2003; Mathews et al.,

1995) and is therefore used with caution as an internal reference metabolite.



2 Method

2.1 Literature search and inclusion criteria
A literature search was conducted using PubMed and PsychNet in April 2018 using the
following keywords: (i) “post-traumatic stress disorder” and (ii) “PTSD” combined with the
following subcategory keywords: (iii) “magnetic resonance spectroscopy” and (iv) “MRS”.
Studies were selected if they satisfied the following conditions: in vivo human MRS studies,
the patient group had a Diagnostic and Statistical Manual (DSM) based diagnosis of PTSD,
were written in English and were compared with either a healthy or traumatised control
group that did not have PTSD. None of the studies included partiCipants-with severe
traumatic brain injury. Where any two or more studies included-the same or overlapping

patient populations, only the study with the largest sample size*was.included.

3 Results

A total of 27 studies were identified. Three studies were excluded: the study by De Bellis et
al. (2001) was excluded as it was a case study with a single participant; the investigation
performed by Henigsberg et al. (2011) as'itywas a therapeutic study and Neylan et al.’s
(Neylan et al., 2003) study as it contained overlapping populations with Schuff et al.’s
(Schuff et al., 2001) study. The remaining 24 studies were published between 1998 and
2017 and are summarised below.in Table 1. Metabolic findings relevant to PTSD are shown

below.

3.1 N-Acetylaspartate

The most consistent/MRS finding identified in PTSD was a reduction in NAA.

Fifteen studies investigated NAA levels in the hippocampus. Several early studies refer to
the to the hippocampus as the medial temporal, as the MRS voxel contained the
hippocampus medial temporal lobe parenchyma. Six studies used absolute quantification
(studies 3, 5, 13, 14, 16, and 24) and half of these found no significant difference in NAA
(studies 5, 14 and 16). The positive studies found a statistically significant reduction in NAA
levels in both hippocampi. Study 5 found a trend toward lower NAA in the hippocampus (p =

0.054), however, the sample was small and this may have limited its statistical power.



Eleven studies (1, 4, 6, 8,9, 11, 12, 13, 14, 15 and 17) used Cr as an internal reference (some
used both absolute and relative quantification). Four studies (6, 8, 12 and 13) identified no
difference in the hippocampal NAA/Cr. One study (1) found higher NAA/Cr in the right
hippocampus only, two studies (4 and 11) found lower NAA/Cr in the left hippocampus only
and the remaining studies (9, 14, 15 and 17) found a significant reduction in NAA/Cr in both
hippocampi.

Several early studies hypothesised that reductions in NAA may precede morphological
change in the hippocampus. Many studies (3, 9, 12, 14, 16, and 24) found no significant
difference in hippocampal volume, while the majority of studies (1, 4, 5, 6,8, 12,13 and 15)
did not quantify the hippocampal volume. Shu et al. (2013a) identified a significant
reduction in the normalised left hippocampus along with a significant reduction in NAA/Cr
and Li et al. (2006) found lower NAA/Cr was correlated with lowergray matter density in the

left hippocampus.

Eleven studies (2, 9, 10, 13, 14, 15, 18, 19, 20, 21 and'22) investigated NAA levels within the
ACC. Several earlier studies (2, 10, 13, 14 and 15) did not specify the exact voxel location
within the ACC, two of these studies (13.and 14) identified lower absolute NAA, and two
studies found lower NAA/Cr (2 and«15). One study (9) reported lower NAA/Cr in the dACC
when PTSD was compared to healthy controls and one other (19) reported no difference in
NAA in the dACC, noting thatistudy 19 compared PTSD to trauma exposed controls. One
study in the rACC (21).identified lower absolute NAA, while the remaining three studies (19,
20 and 22) investigating this region found no significant difference in NAA. No studies have

explored the longitudinal change in metabolites in the ACC with PTSD.

NAA was found to be lower in several other regions of the brain, including the left basal
ganglias(Lim et al., 2003) and the parietal occipital gray matter (Meyerhoff et al., 2014).
Otherwise, no significant difference in NAA was identified in the periventricular white
matter (WM) (Lim et al., 2003), occipital gray matter and white matter (Seedat et al., 2005;
Villarreal et al., 2002), right insula (Rosso et al., 2014), dorsolateral pre-frontal cortex
(DLPFC) (Michels et al., 2014), posterior occipital cortex (POC) and temporal lobe
(Meyerhoff et al., 2014; Pennington et al., 2014).



3.2 Glutamate and Glutamine

It is possible that glutamatergic dysfunction reported in several brain regions plays a role in
the pathogenesis of PTSD, however findings were mixed. It is worth noting that the accurate
measurement of Glu and GIn as separate entities is currently only possible at the higher
field strength of 7T (Terpstra et al., 2016). Six studies (19, 20, 21, 22, 23 and 24) investigated
Glx levels in multiple brain regions. In the temporal lobe two studies (19 and 21) identified a
reduction in Glx and Glu respectively. Furthermore, a study performed by Pennington et al.
(2014) identified higher absolute Glx in the temporal lobe in PTSD participants with co-
morbid alcohol use disorder (AUD) when compared to PTSD participants without"/AUD. Only
one study (22) identified a reduction in Glx within rACC using 1D MRS;/where the authors
noted that GIx was lowest in PTSD subjects followed by thoselin PTSD remission. Other
investigators reported no difference in Glx in the ACC (studies:*19, 20, 21 and 23). More
recently Rosso et al. (2017) quantified Glu and GIn in<the hippocampus, using a novel TE
averaging sequence 2D JPRESS; they found higher_absolute Glu and Glu/NAA in the right
hippocampus. Statistically significant absolute \Glu concentration was positively correlated
with re-experiencing symptoms and trauma dose was significantly positively correlated with
right hippocampal NAA/Cr. No differencesiin Glu or GIn were identified in the POC or DLPFC
(Meyerhoff et al., 2014; Michels et-al;,2014; Pennington et al., 2014).

3.3 GABA

GABA was investigated'in four studies (18, 19, 20 and 21). No difference in GABA/Cr was
reported in the dACC (study 18), however, one study (20) identified higher GABA/Cr in the
rACC and DLPFC. Lower GABA/Cr was noted within the insula in a single study (18) and
lower absolute. GABA in the POC and medial temporal lobe (study 21). One study (19) found
no difference in absolute GABA in the POC when PTSD participants were compared to
healthy controls, however, they did find higher GABA when PTSD sufferers with AUD were
compared to PTSD participants without AUD. All the studies described here used MEGA-
PRESS to quantify GABA within the brain.

3.4 Myo-Inositol
Only two studies (10 and 19) identified differences in ml in PTSD. Seedat et al. (2005) found

higher mI/Cr in the ACC of participants who had PTSD secondary to intimate partner



violence. No other studies noted ml to be raised in the ACC. In a single study performed in
PTSD patients with AUD, absolute ml was lower in the ACC when compared to trauma
exposed controls (Pennington et al., 2014). Multiple studies (7, 13, 21 and 22) found no

difference in ml in patients with PTSD, irrespective of brain region.

3.5 Choline
Twelve studies (1, 2, 7,9, 10, 12, 13, 15, 17, 19, 21 and 22) have measured Cho containing
compounds in PTSD. The majority of studies (2, 9, 13, 21 and 22) found no differenceiin Cho
containing compounds in the ACC and hippocampus (12, 13, 15, and 17).Conflicting results
were reported by two studies (10 and 15) measuring Cho in the ACC using 1D MRS Seedat et
al. (2005) found higher Cho/Cr in PTSD when compared to hedlthy and trauma exposed
controls, while Guo et al. (2012) identified lower Cho/Cr in/the ACC"in PTSD compared to
healthy controls in a large cohort. Conflicting results were alse reported in the hippocampus
(studies 1 and 9). Lower absolute Cho was found in the temporal lobe of participants with
PTSD and AUD when compared to PTSD participants without AUD and trauma exposed

controls (Pennington et al., 2014; Seedat et al., 2005).

3.6 Glutathione
One study (20) identified an inerease in glutathione/Cr in the ACC and DLPFC in PTSD when

compared to trauma exposed controls.

3.7 Total Créatine
Two early studies identified a reduction in absolute Cr in the hippocampus and occipital
white matter (studies: 2 and 3). Four subsequent studies have identified no difference in

absolute,Cr concentration (studies 13, 18, 19 and, 21).

3.8 Metabolic correlates
Increased hippocampal exposure to glucocorticoids has been proposed as a cause of
atrophy in PTSD. To explore the glucocorticoid hypothesis further, two studies correlated
serum cortisol levels with hippocampal neuro-metabolites and found differing results. Shu

et al. (2013b) identified a negative correlation between serum cortisol and hippocampal



NAA/Cr levels, whilst Neylan et al. (2003) (not listed in Table 1 due to overlap with Schuff et

al.’s (Schuff et al., 2001) population) found a positive correlation between the two.

Two studies have identified correlations with GABA and clinical outcomes in PTSD.
Meyerhoff et al. (2014) noted that lower levels of GABA and higher Glu correlated with a
higher insomnia severity index. In a small group of participants, Rosso et al. (2014) found
lower levels of GABA were correlated with higher state-trait anxiety levels. However, they

found no correlation between GABA and severity of symptoms (Rosso et al., 2014).

Other reports identified a correlation with re-experiencing symptomsiand-NAA levels. Ham
et al. (2017) identified lower levels of NAA in the ACC were correlated with re-experiencing
symptoms and more recently, Rosso et al. (2017) found the samesin the hippocampi of PTSD
subjects. Shu et al. (2013b) noted a correlation betweenlower NAA/Cr levels in the
hippocampus and higher total clinical administered PTSD scores (CAPs). Otherwise, no
significant correlation between NAA and symptom seyverity was identified (Kimbrell et al.,

2005; Lim et al., 2003; Rosso et al., 2017).

A positive correlation between absolute 'Glu levels in the right hippocampus and re-
experiencing symptoms was identified by Rosso et al (Rosso et al., 2017). Additionally,
Harnett et al. (Harnett et-aly 2017) found a positive relationship between dACC and

absolute Glx levels and.current and future stress disorder symptoms.

A positive correlation was found between disease duration and the anti-oxidant glutathione

levels (Michels et al., 2014).

3.9"%Confounding variables in PTSD research
Current or past alcohol dependence is a common co-morbidity seen in PTSD that has been
shown to result in significant differences when PTSD participants with and without AUD are
compared (Pennington et al., 2014) and this is likely to be particularly important for GABA,
NAA and GlIx (Behar et al., 1999).



Multiple studies have controlled or adjusted for the effects of depression and medications
(mainly serotonin re-uptake inhibitors) using a linear regression and have found no
significant effect (Eckart et al., 2012; Kimbrell et al., 2005; Lim et al., 2003; Michels et al.,
2014). In addition, no significant reduction in NAA has been reported in the medial temporal

lobe / hippocampus or hippocampi in depression (Rao et al., 2011).

Many studies have specifically excluded participants with traumatic brain injury (TBI), given
that these individuals may have a higher risk of PTSD, which can be related to'the TBlor to a
separate event (Bryant, 2001; Kennedy et al., 2007; King, 2008). None, of ‘the studies

identified directly compared TBI and PTSD groups.

Two studies compared PTSD subjects to traumatised and nen-traumatised control groups
(Eckart et al., 2012; Seedat et al., 2005), in an effort to.determine if an observed effect was
due to PTSD or simply trauma exposure. These studies have had mixed results; Seedat et al.
(2005) found a significant difference between PTSD and trauma exposed control groups, in
the ACC, suggesting that the observed metaboli¢’difference was due to PTSD itself. On the
other hand, Eckart et al. (2012) found nossignificant difference between the PTSD, healthy /

trauma exposed control groups using:bilateral hippocampal and insula voxels.

4  Discussion

The current systematic review has summarised findings from 24 proton MRS studies
comparing PTSD subjects to controls subjects. There is emerging evidence of neurochemical
abnormalities in patients with PTSD, identified using in vivo proton MRS of the human brain.
It is important to note that the hardware and post-processing capabilities for in vivo neuro
MRS have been steadily improving as early studies were restricted in what they were able to

record:

The most consistent findings to date are reductions in NAA in the region of the
hippocampus and ACC. Multiple studies have found reductions in both absolute NAA and
NAA/Cr in both hippocampi in PTSD participants when compared to healthy and trauma
exposed controls. A meta-analysis of MRS studies performed by Karl et al. (2010) identified

lower NAA in the left hippocampus when compared to healthy and trauma exposed controls



and lower right hippocampal NAA only when compared to trauma exposed controls. Two
possible aetiologies are explained for the laterality of lower hippocampal NAA: the left
hippocampus has a larger volume in right handed individuals and perhaps atrophies faster
and the left hippocampus has a greater role in declarative memory (encoding and retrieving
tasks) and declarative memory is known to be impaired in PTSD (Li et al., 2006). Since
publication of Karl and Werner’s meta-analysis (Karl and Werner, 2010), there have been
three additional studies published that have identified lower NAA/Cr (Guo et al,;72012; Shu
et al.,, 2013) and lower total NAA (Rosso et al., 2017) in both hippocampi of PTSD
participants. NAA can be reduced in the brain for multiple reasons (see ‘1.2:\mportant Brain
Metabolites’ above), one of which is lower neuronal density, “ultimately leading to
morphologic change or atrophy. The findings of lower NAA! within’both hippocampi
correlates with the meta-analyses of structural imaging studies (Kitayama et al., 2005;
Smith, 2005). It is still not clear from the data published to, date if the MRS differences
(lower NAA) precedes morphological changes, however,.this'would appear very likely, given
that multiple studies have identified lower hippocampal NAA without atrophic change. It is
worth noting that a large number of studies identified no difference in hippocampal NAA
despite the fact that almost all of <these studies were performed on veterans and
participants with long standing chrenic PTSD. This may suggest that the reduction in
hippocampal NAA is reversiblesin PTSD, as has been shown in conditions such as acute brain
injury or methamphetamine abuse (Maddock and Buonocore, 2012), which is thought to
represent reversible .neuronal or mitochondrial dysfunction (Moffett et al., 2007) as
described in the introduction. Additionally, the majority of the studies that found lower NAA
in the hippocampi‘of those with PTSD compared to healthy controls, suggesting that the
difference.is not due to the choice of control cohort (trauma exposed vs. healthy control), as

proposed by Karl et al. (Karl et al., 2006).

A smaller number of studies have reported a reduction in NAA within the ACC with
increased heterogeneity of results when compared to the hippocampus. However, many of
the early studies did not specify the region of the ACC being measured. Studies that have
reported NAA in the rACC have given mixed results, some with lower NAA and others with

no difference. Differences in the rACC in PTSD are thought to be acquired and the disparity



in the MRS results may be due variations in metabolite concentrations over time (Admon et

al., 2013).

More recently, with advancing spectroscopic techniques, researchers have identified
glutamatergic dysfunction and differences to GABA in some of the brain regions where we
would expect hypoactivation, based on previous fMRI work, such as the occipital cortex and
rACC. In a study of adolescents exposed to earthquake, Yang et al. (Yang et al., 2015) found
lower GIx/Cr in the rACC, in both PTSD and remitted PTSD. However, patients'with PTSD had
further lower rACC GlIx/Cr when compared to remitted PTSD patients, suggestinglower rACC
excitatory neurotransmission and therefore lower amygdala inhibition..-However, this
finding was not supported by Meyerhoff et al. (Meyerhoff et al.; 2014), which may be due
the fluctuating of metabolic differences over time in this region=On the other hand, higher
Glx has been identified in the rACC of patients with PTSD and comorbid AUD when
compared to PTSD patients without AUD (Pennington et al., 2014) and with an associated
increase in GABA in the same region (Meyerhoff et al., 2014), raising the possibility that
alcohol reverses some of the differences described above and partly explains the association
of PSTD and AUD. Higher GABA/Cr has been noted in the rACC.

One hypothesis for higher GABA is_overexpression of Glu or GIn decarboxylase and/or lower
clearance of GABA from thessynaptic cleft (Michels et al., 2014), which supports the
hypothesis of rACC hypoactivation, resulting in amygdala hyperactivation (Admon et al.,
2013). More recently, higherabsolute Glu was identified in the right hippocampus (Rosso et
al., 2017) raising the passibility that reductions in volume and NAA within the hippocampus
may be secondary'to excitotoxicity.

No difference in GABA or Glx have been identified in the dACC, noting that only a small
number of studies have evaluated this region. fMRI studies have shown this region to be
hyperactive in PTSD and the region may be congenitally abnormal in those who have a risk
of developing PTSD. Future studies aiming to predict those at risk of developing PTSD may

be able to further explore this region.

A small number of studies have reported altered Cho levels in PTSD, but the results are
inconsistent. The two studies that identified differences in Cho used relative measures and

compared PTSD to healthy controls with conflicting results. One study found a reduction in



absolute Cho in the ACC in a population with comorbid AUD (Pennington et al., 2014).
Alterations in Cho may be due to differences relating to glial cells (Seedat et al., 2005),
white-matter or could reflect neuroinflammation (Rohleder and Karl, 2006). More work is

needed to determine the directionality of differences in Cho containing compounds.

Only one study investigated metabolic differences in the insula cortex, finding lower
GABA/Cr with a significant negative correlation with state and trait anxiety. Fhis finding
correlates with previous fMRI studies that have identified increased insula cortex activation

in PTSD, social anxiety and specific phobia disorders (Etkin and Wager, 2007).

Increasing glutathione correlated with disease duration (Michels et al., 2014). Glutathione is
an antioxidant that reduces reactive oxygen species, which can.have a detrimental effect at
a cellular level. It is not yet known if higher glutathionedis a predisposing factor or acquired
as the result of PTSD, however, mouse models have also.shown overexpression of the genes
glyoxalase 1 and glutathione reductase 1 results in higher anxiety, linking the glutathione

cycle with anxiety behaviour in a mouse model (Hovatta et al., 2005).

4.1 Limitations
A challenge for all neuroimaging studies exploring PTSD is the heterogeneity of patient
populations. PTSD is known tothave multiple comorbidities such as Axis | and Il disorders,
including depression;-alcohol-and substance misuse and chronic pain (Scioli-Salter et al.,
2015). Additionally, thexmajority of patients with PTSD are taking medications, a factor that
may confound interpretation of neurochemical differences (Lanius, 2010). These factors can
make generalising the study results and determining unique metabolic differences in PTSD
problematic. There is evidence that AUD alters brain metabolites (Schuff et al., 2008) and
these ~participants with AUD should be excluded. Depression has not been shown to
contribute to metabolic differences recorded in PTSD and co-morbid depression is so
common in this group one could argue that excluding those with depression would result in
an unrepresentative sample. Medications such as benzodiazepines and antipsychotics are
highly likely to alter neuro-metabolites and should be controlled for. It is less clear if

serotonin re-uptake inhibitors are used, but to date no significant difference has been



identified in participants using these drugs (as discussed in section 3.9). A limited number of
studies have identified differences between PTSD, healthy control and trauma exposed
groups and to ensure that the differences being identified can be attributed to PTSD alone

most studies use a trauma exposed control group.

Many of the early spectroscopic studies (55%) utilised a low field strength (1.5T), to
measure metabolic differences in patients diagnosed with PTSD. There aré. inherent
limitations in performing neurospectroscopy at low field, such as increased peak overlap;
limiting the number of measurable metabolites. Additionally, many of the early studies used
peak area or peak fitting with a limited basis set to quantify“a, limited number of
metabolites, such as NAA, Cr and Cho, a technique that has now been superseded by peak
fitting with more extensive basis sets and bioinformatics evaluation of the data point by

point (Stanwell et al., 2010).

Several early studies used a larger MRS voxel within the medial temporal lobe that included
the hippocampus. The benefit of this approach\is that signal to noise ratio is higher, the
limitation is the spectrum contains contributions from surrounding medial temporal lobe
parenchyma. As MRI hardware and-techniques have improved, researchers have been able
to reduce the MRS voxel size»whilst maintaining adequate signal-to-noise and improving
the anatomical specificity of the MRS voxel. This difference in voxel volume and anatomic
location, may also go_some of the way to explaining the variability in MRS findings in the

hippocampus.

Finally, there is a large degree of methodological heterogeneity within studies due to the
differing. MRS pulse sequences available, such as PRESS and STEAM for 1D and the
availability of 2D magnetic resonance spectral imaging (MRSI). To further complicate
comparisons there are multiple ways in which data can be post-processed, evaluated and
corrected. For example, fitted 1D MRS metabolite peaks can be referenced to an internal
resonance such as Cr or referenced to tissue water concentration, known as absolute
guantification. Some perform partial volume corrections. However, the spectroscopy
community have recognised this limitation and recommended protocols for common use

(Oz et al., 2014).



5 Conclusions and Future directions

The most consistent MRS findings in PTSD is lower NAA in the hippocampi and ACC. The
reduced NAA in these regions may be due to neuronal loss and early evidence suggests that
reductions in NAA may proceed morphologic change. On the other hand, multiple studies
have demonstrated no difference in NAA, raising the possibility that reductionsdin NAA in
PTSD may be reversible or fluctuate over time. Levels of NAA in the ACC and“hippocampus
have been found to correlate with clinical symptoms by some. There is emerging evidence
of glutamatergic dysfunction in the hippocampus, occipital cortex and'rACC and it is possible
that higher levels of Glu in the hippocampus may be contributing 'to neuronal loss,
secondary to excitotoxicity. Mixed differences have been (found in GABA, which is not
unexpected due to the dynamic nature of this metabolite.\The majority of studies have
found no change in ml or Cr, however caution is recommended when using Cr as an internal
reference. Further work is required to determine the.magnitude and direction of change in
Cho containing compounds in PTSD, which.to date appear to be reduced or unchanged. A
single study has measured glutathione,ssuggesting an increase in PTSD. MRS studies have
been able to identify metabolic changes in the brains of patients with PTSD, a condition that
has no conventional imaging findings. Ongoing work is required to further characterise

these differences, whilst attempting to maximising the generalisability of results.

Many of the early spectroscopic studies were limited by hardware. In the last decade, there
have been multiple technological leaps in both MR scanner technology, shimming and
acquisition protocols (Oz et al., 2014). Higher magnetic field strengths allow for higher signal
to noise and greater peak separation, improving comparative accuracy. The newer
hardware _has made techniques such as 2D and 3D MRSI, highly relevant to the study of
PTSD.\High spatial resolution 3D MRSI, performed at high field strengths (3 and 7T), will
allow for measurement of metabolites in brain regions such as the amygdala (a region that
it yet to be examined due to its small volume), insular cortex and the hippocampus.
Additionally, k-space under sampling can be utilised to accelerate the acquisition of 3D
MRSI, lowering acquisition times. Two-dimensional MR spectroscopy is a technique that

allows overlapping and composite metabolic peaks to be deconvoluted (Ramadan et al.,



2011; Thomas et al., 2003); it has been now applied to several pathologies and offers
further metabolic insights not available using 1D MRS alone (Lin et al., 2015; Ramadan et al.,
2011; Ramadan et al., 2015). However, it is yet to be applied to the condition of PTSD and

may allow identification of novel biomarkers that have not been identified using 1D MRS.

Another promising technique, which is yet to be applied to PTSD is functional MRS (fMRS).
fMRS is a technique that characterises the regional and temporal change of
neurotransmitters whilst subjects are exposed to a stimulus, as in fMRI which measures
differences in blood oxygen level. This technique is highly relevant to PTSD. and-may vyield
further insights into the pathogenesis of the condition. For example;fMRS.could be applied
to the hippocampus, using a learning task, in participants with PTSD,to further evaluate
differences in glutamatergic modulation within the hippocampus. Finally, fMRS may
improve MRS reproducibility, by controlling for behaviour,” potentially reducing the

variability of studies quantifying neurotransmitters.

Machine learning techniques are providing a more sophisticated and tailored means of
evaluation of the complex, but rich datatavailable from in vivo 1D and 2D neuro MRS, as well
as the evaluation of multimodal MRI.data.”"Machine learning techniques may improve the
specificity and sensitivity for evaluation of the PTSD condition when using MRS. Machine
learning techniques have been used in the past for the analysis of 1D MRS evaluating
chronic pain and primary brain lesions (Ranjith et al., 2015; Stanwell P et al., 2010),
increasing the specificity of MRS for detecting these conditions, but as yet have not been

applied to PTSD.

There is.a need for further prospective studies in the field of PTSD using advanced neuro
MRS, techniques. These studies should aim to answer the following questions: does lower
hippocampal volume predispose to PTSD; does metabolic differences in the hippocampus
proceed atrophy?; are there MRS differences in the dACC that predispose to PTSD and are

rACC and insular cortex MRS differences acquired as part of the condition?.



6 Funding

The Australian government provided an Australian Postgraduate Award (APA) for SQ. The
funding agency had no influence over the study design, content of the article, or selection of

this journal.

7 References

Admon, R., Milad, M.R., Hendler, T., 2013. A causal model of post-traumatic stress disorder:
disentangling predisposed from acquired neural abnormalities. Trends €ogn Sci 17, 337-347.
Alden, M., Besson, J.M., Bernard, J.F., 1994. Organization of the efferent=projections from
the pontine parabrachial area to the bed nucleus of the stria terminalis’and neighboring
regions: a PHA-L study in the rat. J. Comp. Neurol. 341, 289-314.

Amano, T., Duvarci, S., Popa, D., Pare, D., 2011. The fear cireuitrevisited: contributions of
the basal amygdala nuclei to conditioned fear. J. Neurosci. 31;,,15481-15489.

American Psychiatric Association, 1994. Diagnostic and Statistical Manual of Mental
Disorders, 4th ed, Washington, DC.

Amorapanth, P., LeDoux, J.E., Nader, K., 2000. Different lateral amygdala outputs mediate
reactions and actions elicited by a fear-arousingstimulus. Nat. Neurosci. 3, 74-79.
Augustine, J.R., 1996. Circuitry and functional{aspects of the insular lobe in primates
including humans. Brain Res. Brain Res. Rev. 22,229-244.

Bauer, P., Elizabeth; Pare, D., 2016. Behavioural neuroscience of circuits involved in fear
processing, in: Liberzon, I.R., Kerry{Ed.), Neurobiology of PTSD: From Brain to Mind. Oxford
University Press, New York, USA:

Behar, K.L., et al., 1999. Preliminary evidence of low cortical GABA levels in localized 1H-MR
spectra of alcohol-dependént and/hepatic encephalopathy patients. Am. J. Psychiatry 156,
952-954,

Boulanger, Y., Labelle, M., Khiat, A., 2000. Role of phospholipase A(2) on the variations of
the choline signal“intensity observed by 1H magnetic resonance spectroscopy in brain
diseases. Brain Res/Brain Res. Rev. 33, 380-389.

Brabec, J., et'al., 2010. Volumetry of the human amygdala - an anatomical study. Psychiatry
Res. 182,.67-72.

Brand, A., Richter-Landsberg, C., Leibfritz, D., 1993. Multinuclear NMR studies on the energy
metabolism.of glial and neuronal cells. Dev. Neurosci. 15, 289-298.

Brown,"S:;; Freeman, T., Kimbrell, T., Cardwell, D., Komoroski, R., 2003. In vivo proton
magnetic resonance spectroscopy of the medial temporal lobes of former prisoners of war
with and without posttraumatic stress disorder. J. Neuropsychiatry Clin. Neurosci. 15, 367-
370.

Bryant, R.A., 2001. Posttraumatic stress disorder and traumatic brain injury: can they co-
exist? Clin. Psychol. Rev. 21, 931-948.

Calder, A.J., Lawrence, A.D., Young, A.W., 2001. Neuropsychology of fear and loathing. Nat.
Rev. Neurosci. 2, 352-363.



De Bellis, M.D., Keshavan, M.S., Spencer, S., Hall, J., 2000. N-Acetylaspartate concentration
in the anterior cingulate of maltreated children and adolescents with PTSD. Am. J. Psychiatry
157, 1175-1177.

Eckart, C., et al.,, 2012. Magnetic resonance volumetry and spectroscopy of hippocampus
and insula in relation to severe exposure of traumatic stress. Psychophysiology 49, 261-270.
Etkin, A., Wager, T.D., 2007. Functional neuroimaging of anxiety: a meta-analysis of
emotional processing in PTSD, social anxiety disorder, and specific phobia. Am. J. Psychiatry
164, 1476-1488.

Foerster, B.R., et al., 2012. Reduced insular gamma-aminobutyric acid in fibromyalgia.
Arthritis Rheum. 64, 579-583.

Freeman, T., et al., 2006. Evidence of resilience: neuroimaging in former prisonersof war.
Psychiatry Res. 146, 59-64.

Freeman, T.W., Cardwell, D., Karson, C.N., Komoroski, R.A., 1998. In vivo proton magnetic
resonance spectroscopy of the medial temporal lobes of subjects/with combat-related
posttraumatic stress disorder. Magn. Reson. Med. 40, 66-71.

Geddes, J.W., Panchalingam, K., Keller, J.N., Pettegrew, J.W., 1997. Elevated phosphocholine
and phosphatidylcholine following rat entorhinal cortex lesiohs. Neurobiol. Aging 18, 305-
308.

Gilbertson, M.W., et al., 2002. Smaller hippocampal volume predicts pathologic vulnerability
to psychological trauma. Nat. Neurosci. 5, 1242-1247:

Govindaraju, V., Young, K., Maudsley, A.A., 2000. Proton:NMR chemical shifts and coupling
constants for brain metabolites. NMR Biomed. 13, 129-153.

Guo, M., et al., 2012. Study of the hippocampus,andithe anterior cingulate gyrus by proton
MR spectroscopy in patients with post-traumatic, stress disorder. Asian Pac J Trop Med 5,
162-164.

Ham, B.J., et al.,, 2007. Decreased N-acetyl-aspartate levels in anterior cingulate and
hippocampus in subjects with post-traumatic stress disorder: a proton magnetic resonance
spectroscopy study. Eur. J. Neurosci. 25, 324-329.

Harnett, N.G., et al., 20174 .Glutamate/glutamine concentrations in the dorsal anterior
cingulate vary with Post-Traumatic Stress Disorder symptoms. J. Psychiatr. Res. 91, 169-176.
Hartley, C.A., Fischl,.B., Phelps, E.A., 2011. Brain structure correlates of individual
differences in the acquisition and inhibition of conditioned fear. Cereb. Cortex 21, 1954-
1962.

Hovatta, I., et-al.,'2005. Glyoxalase 1 and glutathione reductase 1 regulate anxiety in mice.
Nature 438,662-666.

Howe, F/A., etial,;2003. Metabolic profiles of human brain tumors using quantitative in vivo
1H magnetic resonance spectroscopy. Magn. Reson. Med. 49, 223-232.

Hughes, KC., Shin, L.M., 2011. Functional neuroimaging studies of post-traumatic stress
disorder. Expert Rev. Neurother. 11, 275-285.

Jensenm, J.E., et al., 2009. Quantification of J-resolved proton spectra in two-dimensions with
LCModel using GAMMA-simulated basis sets at 4 Tesla. NMR Biomed. 22, 762-769.

Karl, A., et al., 2006. A meta-analysis of structural brain abnormalities in PTSD. Neurosci.
Biobehav. Rev. 30, 1004-1031.

Karl, A., Werner, A., 2010. The use of proton magnetic resonance spectroscopy in PTSD
research--meta-analyses of findings and methodological review. Neurosci. Biobehav. Rev.
34, 7-22.



Kasai, K., et al., 2008. Evidence for acquired pregenual anterior cingulate gray matter loss
from a twin study of combat-related posttraumatic stress disorder. Biol. Psychiatry 63, 550-
556.

Kennedy, J.E., et al., 2007. Posttraumatic stress disorder and posttraumatic stress disorder-
like symptoms and mild traumatic brain injury. J. Rehabil. Res. Dev. 44, 895-920.

Kimbrell, T., Leulf, C., Cardwell, D., Komoroski, R.A., Freeman, T.W., 2005. Relationship of in
vivo medial temporal lobe magnetic resonance spectroscopy to documented combat
exposure in veterans with chronic posttraumatic stress disorder. Psychiatry Res. 140, 91-94.
King, N.S., 2008. PTSD and traumatic brain injury: folklore and fact? Brain Inj. 22, 1-5.
Kitayama, N., Quinn, S., Bremner, J.D., 2006. Smaller volume of anterior cingulaté cortex in
abuse-related posttraumatic stress disorder. J. Affect. Disord. 90, 171-174.

Kitayama, N., Vaccarino, V., Kutner, M., Weiss, P., Bremner, J.D., 2005. Magnetic resonance
imaging (MRI) measurement of hippocampal volume in posttraumatic”stress disorder: a
meta-analysis. J. Affect. Disord. 88, 79-86.

Koolman, J., R6hm, K.-H., 2013. Color atlas of biochemistry, 3rd ed. Thieme, Stuttgart.
Lanius, R., 2010. Does neuroimaging research examining [the pathophysiology of
posttraumatic stress disorder require medication-free patients? J.*Psychiatry Neurosci. 35,
80-89.

Lanius, R., OIff, M., 2017. The neurobiology of PTSD. Eurd Psychotraumatol 8, 1314165.

Li, L., et al., 2006. Magnetic resonance imaging and magnetic.resonance spectroscopy study
of deficits in hippocampal structure in fire victimsswith recent-onset posttraumatic stress
disorder. Can. J. Psychiatry 51, 431-437.

Lim, M.K.,, et al., 2003. Fire-related post-traumatic stress disorder: brain 1H-MR
spectroscopic findings. Korean J. Radiol. 4, 79-84.

Lin, A.P., et al.,, 2015. Changes in therneurochemistry of athletes with repetitive brain
trauma: preliminary results using localized\correlated spectroscopy. Alzheimers Res Ther 7,
13.

Luyten, P.R., den Hollander, J.A., 1986. Observation of metabolites in the human brain by
MR spectroscopy. Radiology“161, 795-798.

Maddock, R.J., Buonocore, M.H:;,2012. MR spectroscopic studies of the brain in psychiatric
disorders. Curr Top Behav Neurosci 11, 199-251.

Magarinos, A.M., McEwen, B.S., Flugge, G., Fuchs, E., 1996. Chronic psychosocial stress
causes apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate tree
shrews. J. Neurosci. 16, 3534-3540.

Mahmutyazicioglu, K., et al., 2005. Evaluation of the hippocampus and the anterior
cingulate gyrus.by proton MR spectroscopy in patients with post-traumatic stress disorder.
Diagn. Interv. Radiol. 11, 125-129.

Mathews, V.P., Barker, P.B., Blackband, S.J., Chatham, J.C., Bryan, R.N., 1995. Cerebral
metabolites in patients with acute and subacute strokes: concentrations determined by
guantitative proton MR spectroscopy. AJR Am. J. Roentgenol. 165, 633-638.

McEwen, B.S., 2000. The neurobiology of stress: from serendipity to clinical relevance. Brain
Res. 886, 172-189.

McEwen, B.S., et al., 1992. Paradoxical effects of adrenal steroids on the brain: protection
versus degeneration. Biol. Psychiatry 31, 177-199.

McFarlane, A., Hodson, S., Van Hooff, M., Davies, C., 2010. Mental health in the Australian
Defence Force: 2010 ADF Mental Health and Wellbeing Study: Full report. Department of
Defence, Canberra.



Meyerhoff, D.J., Mon, A., Metzler, T., Neylan, T.C., 2014. Cortical gamma-aminobutyric acid
and glutamate in posttraumatic stress disorder and their relationships to self-reported sleep
quality. Sleep 37, 893-900.

Michels, L., et al., 2014. Prefrontal GABA and glutathione imbalance in posttraumatic stress
disorder: preliminary findings. Psychiatry Res. 224, 288-295.

Milad, M.R., Quirk, G.J., 2012. Fear extinction as a model for translational neuroscience: ten
years of progress. Annu. Rev. Psychol. 63, 129-151.

Milad, M.R., et al., 2007. A role for the human dorsal anterior cingulate cortex in fear
expression. Biol. Psychiatry 62, 1191-1194.

Moffett, J.R., Ross, B., Arun, P., Madhavarao, C.N., Namboodiri, A.M.,£2007. N-
Acetylaspartate in the CNS: from neurodiagnostics to neurobiology. Prog. Neurobiol:81, 89-
131.

Mohanakrishnan Menon, P., Nasrallah, H.A., Lyons, J.A., Scott, M.F., "Liberto, V., 2003.
Single-voxel proton MR spectroscopy of right versus left hippocampi in”PTSD. Psychiatry Res.
123,101-108.

Mountford, C.E., Stanwell, P., Lin, A., Ramadan, S., Ross, B., 2010. Neurospectroscopy: the
past, present and future. Chem. Rev. 110, 3060-3086.

Murray, M.E., et al., 2014. Early Alzheimer's disease neuropathology detected by proton MR
spectroscopy. J. Neurosci. 34, 16247-16255.

Nacewicz, B.M., et al., 2012. Reliable non-invasive méasurement of human neurochemistry
using proton spectroscopy with an anatomically==defined amygdala-specific voxel.
Neurolmage 59, 2548-2559.

Nardo, D., et al., 2010. Gray matter density in limbic and paralimbic cortices is associated
with trauma load and EMDR outcome in PTSDypatients. J. Psychiatr. Res. 44, 477-485.
Neylan, T.C., et al., 2003. Cortisol levels,are positively correlated with hippocampal N-
acetylaspartate. Biol. Psychiatry 54, 1118-1121.

O'Doherty, D.C., Chitty, K.M., Saddiqui,S., Bennett, M.R., Lagopoulos, J., 2015. A systematic
review and meta-analysis of~magnetic resonance imaging measurement of structural
volumes in posttraumatic stress.disorder. Psychiatry Res. 232, 1-33.

Oz, G,, et al., 2014. Clinical proton MR spectroscopy in central nervous system disorders.
Radiology 270, 658-679.

Pape, H.C., Pare, D432010. Plastic synaptic networks of the amygdala for the acquisition,
expression, and extinction of conditioned fear. Physiol. Rev. 90, 419-463.

Pennington, DiL., Abe, C., Batki, S.L., Meyerhoff, D.J., 2014. A preliminary examination of
cortical neurotransmitter levels associated with heavy drinking in posttraumatic stress
disordersPsychiatry Res. 224, 281-287.

Phan, K.L., Wager, T.D., Taylor, S.F., Liberzon, ., 2004. Functional neuroimaging studies of
human emotions. CNS Spectr 9, 258-266.

Provencher, S.W., 1993. Estimation of metabolite concentrations from localized in vivo
proton NMR spectra. Magn. Reson. Med. 30, 672-679.

Provencher, S.W., 2001. Automatic quantitation of localized in vivo 1H spectra with
LCModel. NMR Biomed. 14, 260-264.

Ramadan, S., et al., 2011. Use of in vivo two-dimensional MR spectroscopy to compare the
biochemistry of the human brain to that of glioblastoma. Radiology 259, 540-549.

Ramadan, S., et al., 2015. Lipid and Metabolite Deregulation in the Breast Tissue of Women
Carrying BRCA1 and BRCA2 Genetic Mutations. Radiology 275, 675-682.



Ramadan, S., Lin, A., Stanwell, P., 2013. Glutamate and glutamine: a review of in vivo MRS in
the human brain. NMR Biomed. 26, 1630-1646.

Ranjith, G., Parvathy, R., Vikas, V., Chandrasekharan, K., Nair, S., 2015. Machine learning
methods for the classification of gliomas: Initial results using features extracted from MR
spectroscopy. Neuroradiol J 28, 106-111.

Rao, N.P., Venkatasubramanian, G., Gangadhar, B.N., 2011. Proton magnetic resonance
spectroscopy in depression. Indian J Psychiatry 53, 307-311.

Rohleder, N., Karl, A., 2006. Role of endocrine and inflammatory alterations in comorbid
somatic diseases of post-traumatic stress disorder. Minerva Endocrinol. 31, 273-288.

Rosso, I.M., Crowley, D.J., Silveri, M.M., Rauch, S.L., Jensen, J.E., 2017. Hippocampus
Glutamate and N-Acetyl Aspartate Markers of Excitotoxic Neuronal Compromise in
Posttraumatic Stress Disorder. Neuropsychopharmacology 42, 1698-1705.

Rosso, I.M., et al., 2014. Insula and anterior cingulate GABA levels in posttraumatic stress
disorder: preliminary findings using magnetic resonance spectroscopy. Depression and
anxiety 31, 115-123.

Sapolsky, R.M., 1996. Why stress is bad for your brain. Science 273, 749-750.

Saunders, D.E., Howe, F.A., van den Boogaart, A., Griffiths, J.R:, Brown;/M.M., 1999. Aging of
the adult human brain: in vivo quantitation of metabolité content with proton magnetic
resonance spectroscopy. J. Magn. Reson. Imaging 9, 711<716.

Schuff, N., et al., 2008. Abnormal N-acetylaspartate in.hippocampus and anterior cingulate
in posttraumatic stress disorder. Psychiatry Res. 162p147-157.

Schuff, N., et al., 2001. Decreased hippocampal N-acetylaspartate in the absence of atrophy
in posttraumatic stress disorder. Biol. Psychiatry'50,952-959.

Scioli-Salter, E.R., et al., 2015. The shared heuroanatomy and neurobiology of comorbid
chronic pain and PTSD: therapeutic implications. Clin. J. Pain 31, 363-374.

Seedat, S., Videen, J.S., Kennedy, C.M., Stein, M.B., 2005. Single voxel proton magnetic
resonance spectroscopy in womeén with and without intimate partner violence-related
posttraumatic stress disorder. Psychiatry Res. 139, 249-258.

Sehimeyer, C., et al., 20094 ,Human’ fear conditioning and extinction in neuroimaging: a
systematic review. PLoS ONE 4, e5865.

Shin, L.M., et al., 2009..Resting metabolic activity in the cingulate cortex and vulnerability to
posttraumatic stress‘disorder. Arch. Gen. Psychiatry 66, 1099-1107.

Shu, X.J., et al., .2013. More vulnerability of left than right hippocampal damage in right-
handed patiepts with post-traumatic stress disorder. Psychiatry Res. 212, 237-244.
Sierra-Mercado, D., Padilla-Coreano, N., Quirk, G.J., 2011. Dissociable roles of prelimbic and
infralimpic cortices, ventral hippocampus, and basolateral amygdala in the expression and
extinction of conditioned fear. Neuropsychopharmacology 36, 529-538.

Smith, M.E.; 2005. Bilateral hippocampal volume reduction in adults with post-traumatic
stress/disorder: a meta-analysis of structural MRI studies. Hippocampus 15, 798-807.

Soreni; N., et al., 2006. Intraindividual variability of striatal (1)H-MRS brain metabolite
measurements at 3 T. Magn. Reson. Imaging 24, 187-194.

Stanwell P, et al.,, 2010. Neuro magnetic resonance spectroscopy using wavelet
decomposition and statistical testing identifies biochemical changes in people with spinal
cord injury and pain. Neurolmage 53., 544-552.

Stanwell, P., et al.,, 2010. Neuro magnetic resonance spectroscopy using wavelet
decomposition and statistical testing identifies biochemical changes in people with spinal
cord injury and pain. Neuroimage 53, 544-552.



Sunanda, Rao, M.S., Raju, T.R., 1995. Effect of chronic restraint stress on dendritic spines
and excrescences of hippocampal CA3 pyramidal neurons--a quantitative study. Brain Res.
694, 312-317.

Tallan, H.H., 1957. Studies on the distribution of N-acetyl-L-aspartic acid in brain. J. Biol.
Chem. 224, 41-45.

Tallan, H.H., Moore, S., Stein, W.H., 1956. N-Acetyl-L-aspartic acid in brain. J. Biol. Chem.
219, 257-264.

Terpstra, M., et al., 2016. Test-retest reproducibility of neurochemical profiles with short-
echo, single-voxel MR spectroscopy at 3T and 7T. Magn. Reson. Med. 76, 1083-1091.
Thomas, M.A., Hattori, N., Umeda, M., Sawada, T., Naruse, S., 2003. Evaluation of two-
dimensional L-COSY and JPRESS using a 3 T MRI scanner: from phantoms to human brain in
vivo. NMR Biomed. 16, 245-251.

Tovote, P., Fadok, J.P., Luthi, A., 2015. Neuronal circuits for fear and “anxiety.- Nat. Rev.
Neurosci. 16, 317-331.

Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S.L., Quirk, G.J., 2006..Microstimulation reveals
opposing influences of prelimbic and infralimbic cortex on the lexpression of conditioned
fear. Learn. Mem. 13, 728-733.

Villarreal, G., et al., 2002. Proton magnetic resonance spectroscopy of the hippocampus and
occipital white matter in PTSD: preliminary results. Can.d. Psychiatry 47, 666-670.

Yang, Z.Y., et al., 2015. Proton magnetic resonance spectroscopy revealed differences in the
glutamate + glutamine/creatine ratio of the anteriorcingulate cortex between healthy and
pediatric post-traumatic stress disorder patients\ diagnosed after 2008 Wenchuan
earthquake. Psychiatry Clin. Neurosci. 69, 782-790.



ACCEPTED MANUSCRIPT

Tables 1.

Study Exclusion Criteria Trauma Psychological  Mean CAPS Findings Comments

Assessment

Voxel Location/ Size Field / Sequence / TR (s) / TE  Participants
(ms) / averages

2(De Bellis et al., 2000) ACC/20x15x10 mm® 1.5/STEAM/ 1.5/ NG / 150 Children and Adolescents Lifetime exposure to psychotropic drugs | Sexual abuse ACC: L NAA/Cr ratio. No difference in Cho/Cr. NAA/Cr calculated
Asignificant medical or neurological with LC-Model.
11 PTSD subjects. illness or history of head injury g
11 Healthy controls. Gross obesity or growth failure
Full scale 1Q lower than 80
Matched for age, sex and IQ. | Presence of DSM-IV anorexia nervosa,
2 subjects left handed. autism, substance use disorder, or
schizophrenia
History of maltreatment of axis |
disorder in controls.

4 (Mohanakrishnan Menon et Hippocampi / 15x 15 x 15 1.5T/PRESS/3/30/128
al., 200 mm*

14 PTSD. Vietnam veterans. Two | Diagnosis made | CAPS not recorded. IAA/Cr ratio tCr used as the
7 controls (Veterans). p participants  with non- | according  to Right hippocampus: no sig difference in NAA/Cr. | internal ref.
‘combat trauma.

rformed. volume

was not calculated.

Not controlled for
handedness,
medications (other
than gabapentin),
recent alcohol o
substance abuse. No
regression.
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6 (Brown et al., 2003) Right and left medial 1.5T/STEAM /2/30/ 128 9 POW +PTSD. No history of T8I with LOC Former prisoners of war, | CAPS-2 72 difference bétween groups. tCr used as internal
temporal lobes / 20 x 20 x 20 12 POW - PTSD. No neurological impairment with combat experience. | SCID (DSM-IV) nd toward 4 NAA/Cr. reference.
mm’ Degenerative neurological condition Neg: rrelation between NAA/Cr in the MTL
Dementia. bilaterally and CAPS-2 re-experiencing symptoms. | Controlled for alcohol,

No participants met criteria for current
o lifetime alcohol dependence.

handedness, alcohol
dependence.

Brain volumes not
quantified.

8 (Kimbrell et al., 2005) Medial temporal lobes / 15T/STEAM / 2/ 30/ 128 / | 47PTSD. No head injury with LOC War  related  trauma Left MTL: NAA/Cr higher in PTSD-C vs PTSD-NC. Did not consider other
20x20x 30 mm® mixing time 13.7ms) 21 Veteran controls (no Left handed Subdivided dinto combat | €A traumas.

previous combat exposure). No prior neurological iliness and non-cb oups. [ Right MTL: no difference.
Controls screened for psychological Cr reference.
iliness using SCID. No difference between NAA/Cr in the MTL
between HC and PTSD. No partial volume
correction.

No correlation with NAA/Cr in either MTLand | Did not consider
severity of PTSD. childhood abuse.

Significant difference
between the age of
subjects and controls
(44.5vs 48.4).

Controlled for
handedness and prior
mTBI. Matched for
depression.

10 (Seedat et al., 2005) ACC/10x10x 30 mm* 15T/ PRESS / 1.5/ 135/ 256 X Psychotic disorder Intimate partner violence CAPS notrecorded. | ACC: T Cho /Cr and T mi/Cr in PTSD subjects | tCrusedasthe
Left occipital gray matter / 10 Bipolar disorder - out of relationship for 4 when compared to TEC. internal ref.
x10x30 mm’. s. Psychotropic medications within 6 months but not >2yrs.

weeks Stroop ACC: no significant difference when PTSD/TEC's

Substance use disorder within 1 year were compared to HC.

> 2 years of alcohol abuse

Neurologic disorder or head injury

associated with cognitive dysfunction Occipital GM: No difference in metabolites.

History of seizure disorder

ADD or learning disability
Pregnancy or HIV.

No correlation with Stroop test or the severity of
IPV.
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12 (Freeman et al., 2006)

Hippocampi / 10 x 10 x 40
mm*

14 (Schuff et al., 2008) Hippocampi / 7.8x 7.8x 15
g
mm

Frontal and parietal lobes /
8.5x8.5x 15 mm’ (two slices)

16 (Eckart et al,, 2012) Hippocampi (medial and
posterior portion) / 20X 10x
10mm’

Bilateral insula / 30 x 10 x 15
mm*

1.5T/PRESS/2/144/128

15T/ PRESS HMRSI / 1.8/ 35 /
NG

POW + PTSD
POW - PTSD
Control

PTSD with and  without
alcohol abuse (28 /27).

Trauma exposed controls with
and without alcohol abuse (23
126).

20 PTSD.
16 Trauma exposed controls.
11 Healthy controls.

All male.

Female sex Prisoners of war
Left handed

History of TBI with LOC

No history of neurological impairment or
degenerative neurological iliness
Current or lifetime alcohol dependence
MMSE >26.

Past PTSD

Psychotic disorder
Bipolar disorder
Drug abuse or depen

Lifetime or current abuse of substances | Highly traumatised
(particularly alcohol) refugees. Trauma
Neurologic diseases exposure occurred at

Any contraindication for magnetic mean age of 15.
resonance imaging (MRI)

Psychiatric conditions other than PTSD

or major depression.

Edinburgh
handedness
inventory
Beck
depression
inventory

CAPS.
SCID (DSM IV)
LSC-R

Total
cumulative
alcohol over 5
years.

crQ

Vivo checklist
of War,
Detention and
Torture Events
CAPS.

MINI
MP test

POW +PTSD: 53
POW - PTSD: 14
Control: 4

CAPS +A group: 66
CAPS -A group: 63

ocamipi: No statistical difference in NAA/Cr
in either group.

hippocampal volumes.

Hippocampus:  YNAA/Cr  without  smaller
hippocampal  volume (either group.). No
significant reduction in absolute NAA.

ACC: LNAA (absolute)

Alcohol had no significant effect on the brain
volumes.

Trend toward smaller hippocampal volume in
subjects with prior childhood trauma.

Depression has no effect on the  regression
model.

No significant difference in the absolute NAA or
NAA/Cr between PTSD and HC in any brain

region.

region.

No difference in the hippocampi or the insula.

No significant difference in the absolute NAA or
NAA/Cr between PTSD and TEC in any brain

Controlled for gender,
age and education.

Processed using
SPARC workstation.

Hippocampal volume
manual determined.

Large groups. Noting
that data for 19
subjects was not of
good quality.

Alarge number of
participants in both
groups had previous
childhood abuse.

Absolute (arbitrary
units) concentration
determined according
to (Schuff et al,, 2001).
Metabolite ratios also
calculated, normalised
toCr.

ACC region not further
specified.

Absolute
quantification
performed with
unsuppressed H,0. LC
Model.

Partial volume
correction performed.
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Volume quantification
of hippocampi and
insula.

Only one PTSD subject
was taking
psychoactive
medications. Co-
morbid major
depression (n=15
PTSD).

Inclusion of
depression as a co-
variate did not alter
results.

18 (Rosso et al,, 2014) Right Insula / 15 x 30 x 20 OT / MEGA-PRESS / 2/ 68/ | 13 PTSD. Medical condition: mTBI, LOC, seizures | Assault Insula: \, GABA/Cr. No association with symptom | Voxel located within
mm’* 384 13 Healthy controls. Current substance use disorder childhaod physical abuse severity. Negative correlation with state and trait | the dACC.

Nicotine use Childhood)"sexual abuse | STAI-S/T anxiety.
dACC/30%20x20 mm® Use of benzodiazepines or anxiol ombat exposure | BDI Spectrum pre-
anticonvulsant AACC: GABA/Cr: no difference between groups. processed and then
Mood stabiliser or i Multiple traumas fitted using LC Model.
No difference in Cr or NAA.

tCr used as the
internal ref.

Matched for
menstrual cycle.
Almost all patients
free of psychotropic
medications.
Controlled for drugs,
nicotine and alcohol.

20 (Michels et al., 2014) DLPFC/ 25 x40 x30 mmb 307/ -PRESS / 1.8 /68, 12 PTSD (Some on Free of neurological and other major | Mixed Trauma History | 67 DLPFC and rACC: Voxel located
/(320 BLPFC and 640 ACC) edication). medical conditions. -PDS 1 GABA/Cr and T glutathione/Cr. primarily within the
rACC/28x30%22.5 mm’ 17 Trauma exposed controls. Childhood rostral ACC.
trauma
questionnaire

No difference in NAA/Cr or Glx/Cr.
tCr used s the

scio-1 Positive correlation with glutathione and disease | internal ref. Fitted
SCID-I-R duration. using LC model.
CAPS.

Multidimension
alinventory of
dissociation
State trait
anxiety




ACCEPTED MANUSCRIPT

inventory
Beck
depression
inventory
Cognitive
testing

22(Yang etal,, 2015) rACC/20x 20X 20 mm’ 3.07T/PRESS/2/30/128 Adolescents. Smoking Earthquake ~“Wechsfer | PTSD: 68.7 rACC: Lower GIx/Cr between PTSD groupand HC. | Peaks normalised to
23 Remitted PTSD. Alcohol Excess igence Remitted: 5.6 Cr. Fitted using
10 Healthy controls. Other axis | disorder (except mood / C Glx lowest in PTSD followed by patients in | AMARES.
10 PTSD. anxiety) remission.
10<80
Psychotropic medication last 4 weeks
Any sig. medical or neurologic condition.

No difference in NAA/Cr, Cho/Cr,

Glx/Cr was weakly correlated (r=-0.355, p=0.314)
with CAPS-CA.

N\

24 (Rosso et al., 2017) Hippocampi / 15 x 20 x 30 4.7 / 2D JPRESS / 2 / 30 = | 24PTSD. Medical conditionsaffecting brain Childhood abuse (n=5) sCID /1P PTSD: 59.5 Hippocampi: \ NAA/H,0 FWHM 8-12 Hz
mm* 330ms / 16 (4 scans per TE) 23 Trauma exposed controls. ructure Childhood  sexual abuse | CAPS Right hippocampus: 1 Glu/H,0 and Glu/NAA

t substance ule disorder (n=4) Traumatic  life Metabolites were
Age and gender ma ﬁ nicotine dependence MVA or violent accident

events Re-experiencing symptoms were negatively | normalised to both

Female participants anticonvulsant,  mood | (n=2) questionnaire. correlated with all NAA ratios. Significant positive | water, Cr and NAA.
for menstrual cycle? 2ing or neuroleptic medication use | Victim of physical assault correlation between re-experiencing symptoms
weeks of study (n=7) and the right hippocampus Glu / H20 not for

of substance abuse within the | Combat exposure (n=1) Glu/cr.
5 years Victims of sexual assault
Ufetime  history  of  substance | (n=9). Trauma load was significantly positively

dependence correlated with right Glu /NAA in PTSD.

Lifetime history of psychosis

MR contraindications No significant difference in the gray matter
Urine test positive for psychoactive volume.

drugs or beta-HCG.

of the MRS studies included in this review. Abbreviations: 2D-JPRESS — two-dimensional J-resolved
spectroscopy; ADHD — attention defici ivity disorder; AUD: Alcohol use disorder; beta-HCG — Human chorionic gonadotropin (pregnancy marker);
BSA — body surface area; DLPFC — efrontal cortex; EEG — electroencephalogram; FWM — Frontal white matter; HC — healthy control; 1Q —
intelligence quotient; K-SADS-P
consciousness; mTBI — mild tr. i in injury; NA — not applicable; NG — not given; PAUD — PTSD with alcohol use disorder; PCL— PTSD check list; PDS —
post traumatic diagnostic osterior occipital cortex; POW — Prisoner of war; PRESS — Point-RESolved Spectroscopy; PRFS — Psychosocial risk factor
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survey; PWM — Parietal white matter; STEAM — Stimulated Echo Acquisition Mode; TEC — trauma exposed control; TEMP, @ temporal cortex; WM —
white matter; WTAR — Weschler test of adult reading;. Please go to the individual manuscripts for further details of p logical assessment.
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Figure 1 — Example of a MRS spectrum from the posterior cingulate gyrus (PCG)«f a healthy human brain at 3T, acquired using PRESS (TE = 30ms, TR = 1500ms) with important metabolite resonances labelled.
Inset: MRS voxel location in the PCG. Adapted with permission from Neurospectroscopy: The Past, Present and Future. Carolyn E. Mountford, Peter Stanwell, Alexander Lin, Saadallah Ramadan, and
Brian Ross. Chemical Reviews 2010 110 (5), 3060-3086. DOI: 10.1021/cr900250y. Copyright (2010) American Chemical Society.". Abbreviations: Cr — Creatine; Glx — Glutamine and Glutamate; ml — myo-
inositol; Cho — Choline; NAA — N-Acetylaspartate; NAAG - N-actelyaspartylglutamate;sMM — macromolecules.
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Figure 2 - The medial prefrontal cortex (dmPFC: dorsal medial prefrontal cortex and\vmPFC: ventromedial prefrontal cortex) with the anterior cingulate cortex (rACC: rostral anterior cingulate cortex and dACC:
dorsal anterior cingulate cortex) are implicated in the pathogenesis of PTSD.



